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APPLICATION OF WAVEFRONT SENSOR TO LENSES CAPABLE 
OF POST-FABRICATION POWER MODIFICATION 

CROSS-REFERENCE TO RELATED APPUCATIONS 

This is application is based on U.S. Application No. 60/190,738, filed 
March 20, 2000, the disclosiire of which is incorporated by reference. 

BACKGROUND 

Approximately two million cataract sxirgery procedures are performed in the 
United Stat^^ annually. The procedure generally involves making an incision in the 
anterior lens capsule to remove the cataractous crystalline lens and implanting an 
intraocular lens (lOL) in its place. In general, there are two types of intraocular lenses 
("lOLs"). The first type of an lOL replaces the eye's natural lens. The most common 
reason for such a procedure is cataracts. The second type of lOL supplements the 
existing lens and functions as a permanent corrective lens. This type of lens (sometimes 
referred to as a phakic lOL) is implanted in the anterior or posterior chamber to correct 
any refractive errors of the eye. In theory, the power for either type of lOL required for 
emmetropia (i,e., perfect focus on the re&ia from hght at infinity) can be precisely 
calculated. The power of the implanted lens is selected (based upon pre-operatiye 
measurements of ocular length and comeal curvature) to enable the patient to see without 
additional corrective' measures (e.g., glasses or contact lenses). Unfortunately, . due to 

« 

errors in measurement, and/or variable lens positioning and wound healing; about half of 
all patients undergoiag this procedure will not enjoy optimal vision without correction 
after surgery (Brandser et al.,Acfa Ophthalmol Scand 75:162-165 (1997); Oshika et al, J 
cataract Refract Surg 24:509-514 (1998)). Because the power of prior art lOLs generally 
cannot be adjusted once they have been implanted, the patient typically must be resigned 
to the use of additional corrective lenses such as glasses or contact lenses. Rarely, the 
implanted lens can be exchanged for another of more appropriate lens power. 

In the last six to iseven years there has been significant interest and advances in the 
use of wavefront sensing and adaptive optics techniques to measure and correct the 
aberrations present in the eye's optical system. Early studies were focused on nulling the 
optical aberrations of the eye to obtain high resolution images of the ftmdus (Liang et. al.. 
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J. Opt. Soc. Am. A, 14: 2884-2892 (1997); Liang et. ai.,JOpt. Soc. Am. A, 11: 1949-1957 
(1994). Application of wavefront sensing to the eye has e3q)anded to include preoperative 
aberration measurements of LASIK (Laser In Situ Keratomileusis) and PRK 
(photorefractive keratotomy) patients (Seiler, 2"^ lateraatioml Congress of Wavefront 
Sensing and Abeiration-Free Refractive Coirection, February 10*, 2001, Monterey, CA). 
The types . of abrarations that dramatically reduce visual acuity include defocus, 
astigmatism, spherical aberration, coma, and other higher order aberrations. The concept 
behind this procedure is that once the type, magnitude, and spatial distribution of the 
optical aberrations are measured across the eye, customized corneal ablation patterns can 
be generated that, in theory, would correct these aberrations to improve visual acuity. 
However, in practice, the corneal healing response of LASK and PRK procedures cannot 
be predicted so the desired ablatioii pattern is not always achieved. In addition, post- 
LASIK and PRK patients complain of "halo" and glare effects during nighttime driving 
due to the sharp transition zone between the ablated and non-ablated regions of the 
.cornea. 

An lOL whose power may be adjusted after implantation and subsequatit wound 

• ■ 

healing would be an ideal soliitipn to post-operative refractive errors associated with 
cataract surgery, LASIK, and PRK. Moreover, such a lens would have wider applications 
and may be used to correct more typical conditions such as myopia, hyperopia, and 
astigmatism. In the later case, the lOL is called a phakic lOL. Although surgical 
procedures such as LASIK, which uses a laser to reshape the cornea, are available, oiily 
low . to moderate myopia and hyperopia may be readily treated. In contrast, an lOL, 
functioning like glasses or contact lenses to correct for the refractive error of the natural 
eye, could be implanted in the eye of any patient. Because the power of the implanted 
lens may be adjusted, post-operative refractive errors due to measurement irregularities 
and/or variable lens positioning and wound heahng may be corrected by fine tuning in- 
situ. 

The present invention describes a post-operative, refraction adjustable lOL in 
combination with a wavefront sensor. This lOL could be inserted after cataract surgery to 
replace the cataractous lens or inserted into the eye without removing the natural 
ciystalhne lens, to correct for a preexisting optical conditions such as myopia, hyperopia, 
astigmatism, and/or other higher order tenns. Once sufacient tune has passed to allow 
for wound healing and refractive stabilization, the . aberrations of the optical system 
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coutaining the adjustable lOL can be measured with a wave&ont sensor. Kaowledge of 
the type, magnitude, and spatial distribution of these aberrations, in combination with the 
knowledge of the refractive adjustabiUty of the material comprismg the lOL (a treatment 
nomogram), will allow precise modification of the lOL to correct for the measured 
aberrations and thus achieve the desired, accurate lOL correction and optimal visual 
acuity. . 

SUMMARY 

The present invention is directed in part to methods of implementing an optical 
element having a refraction modulating composition (RMC) dispersed in a polymer 
matrix. Applicants discovered that the RMC of an optical element, e,g,, lOL, can be 
adjusted via polymerization based on the optical measurement obtained through a 
wavefront sensor such as the Shack-Hartmann wavefront sensor (also known as 
Hartmann-Shack wavefront sensor). 

In one embodiment, then, the present invention is directed to an optical element 
and a wavefront sensor, wherein the optical element comprises a first polymer matrix 
composition (FPMC) and a RMC dispersed therein wherein the RMC is capable of 
stimulus-induced polymerization. In a particular embodiment the wavefront sensor is a 
Shack-Hartmann wavefront sensor. 

In another embodiment, the present invention is directed to an optical element and 
an adaptive optics system, wherein the optical element comprises a FPMC and a RMC 
dispersed therein wherein the RMC is capable of jstimulus-induced polymerization, 
wherein the adaptive optics system comprises a wavefront sensor and a wavefront 
compensator, such as a Shack-Hartmann wavefront sensor and a defonnable mirror, a 
micro-electromechanical membrane, or a segmented micromiiror wavefront compensator. 

In yet another embodiment, the optical element is an lOL. In such an embodiment 
the FPMC can be made of any suitable polymer, such as a polysiloxane. 

In still another embodiment the invention is directed to a method of implementing 
an optical elemCT^t having a RMC dispersed tiherein. .The method comprising obtaining an 
optical measurement of the optical element with a wavefront sensor, and inducing an 
amount of polymerization of the RMC, wherein the amount of polymerization is 
determined by the optical measurement. In this embodiment any suitable /optical 
aberration measurement can be utilized, such as measurements of optical path difference 
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or wavefront tilts and ray tracing techniques. In such an embodiment the aberration 
measurement can measure any suitable aberrations coefficient, such as, for example, 
defocus, astigmatism, coma, spherical, and higher order aberrations. 

In still yet another embodiment the invention is directed to a method of 
implementing an lOL implanted within an eye and having a RMC dispersed therein. The 
method comprising obtaining an optical measurement, with a wavefront sensor, of the eye 
implanted with the lOL and inducing an amount of polymerization of the RMC ia the 
lOL, wherein the amount of polymerization is determined by the optical measurement. 

BRIEF DESCRIPTIONS OF THE DRAWINGS 

Figure la is a schematic of a lens of the present invention being irradiated in the 
center followed by irradiation of the entire lens to "lock in" the modified lens power. 

Figure lb is a schematic of a lens of the present invention being irradiated in the 
center followed by irradiation of the entire lens to "lock in" the modified lens power. 

Figure Ic is a schematic of a lens of the present invention being irradiated in the 

I ■ ■ ■ 

center followed by irradiation of the entire lens to "lock in" the modified lens po^er. 

Figure Id is a schematic of a lens of the present invention being irradiated in the 
center followed by irradiation of the entire lens to "lock in" the modified lens power. 

Figure 2a illustrates the prism irradiation procedure that is used to quantify the 
refractive index changes after being exposed to various amounts of irradiation. 

Figure 2b illustrates the prism irradiation procedure that is used to quantify the 
refractive index changes after being exposed to various amounts of irradiation. 

Figure 2c illustrates the prism irradiation procedure that is used to quantify the 
refractive index changes after being exposed to various amounts of irradiation. 

Figure 2d illustrates the prism irradiation procedure that is used to quantify the 
refractive index changes after being exposed to various amounts of irradiation. 

Figure 3a shows unfiltered Moire fringe patterns of an inventiye lOL. The angle 
between the two Ronchi rulings was set at 12° and the displacement distance between the 
first and second Moire patterns was 4.92 mm. 

Figure 3b shows unfiltered Moire fringe pattems of an inventive lOL. The angle 
between the two Ronchi rulings was set at 12'' and the displacement distance between the 
first and second Moire patterns was 4.92 mm. 
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Figure 4 is a Ronchigram of an inventive lOL. The Ronchi pattern corresponds to 
a 2.6 mm central region of the lens. 

Figure 5a is a schematic illustrating a second mechanism whereby the formation 
of the second polymer matrix modulates a lens property by altering lens shape. 

Figure 5b is a schematic illustrating a second mechanism whereby the formation 
of the second polymer matrix modulates a lens property by altering lens shape. 

Figure 5c is a schematic illustrating a second mechanism whereby the formation 
of the second polymer matrix modulates a lens property by altering lens shape. 

Figure 5d is a schematic illustrating a second mechanism whereby the formation 
of the second polymer matrix modulates a lens property by altering lens shape. 

Figure 6a are Ronchi interferograms of an lOL before and after laser treatment 
depicting approximately a +8.6 diopter change in lens power within the eye. The spacing 
of alternative light and dark bands is proportional to lens power. 

Figure 6b are Ronchi interferograms of an lOL before and after laser treatment 
depicting approximately a +8.6 diopter change in lens power within the eye. The spacing 
of alternative light and dark bands is proportional to lens power. 

Figure 7 is a schematic illustrating the Shack-Hartmann wavefi-ont sensor. . 

Figure 8 is the corresponding Ronchi interferogram of a photopolymer film in 
which "CALTECff' and "CVI" were written using the 325 nm line of He:Cd laser. 

Figure 9 is a schematic of an apparatus according to the present invention. 

Figure 1 0 is a photograph of a section of photopolymerized film. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention relates generally to the application of wavefix)nt sensing and 
correcting techniques to an optical element having a RMC dispersed in a polymer matrix. 

.In one embodiment, shown schematically in Figure 9, the apparatus according to 
the present invention comprises an optical element or optical system (e.g. the eye) 1 
having a power adjustable optical element, such as an lOL 10 inserted therein, in optical 
communication with an irradiation source 2 and a wavefront sensor 3. In the embodiment 
shown, a beam splitter 4 is placed between the irradiation source 2 and the optical system 
1 containing the power adjustable optical element 10 such that an optical path between 
the optical system 1, the irradiation source 2 and the wavefront sensor 3 is created. In 
operation, on an optical system such as an eye 1, as shown in Figure 9, a source of light 5 
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(from either the light source or the wavefront sensor) passes through the eye 1 where it is 
focused onto the retina 6. The light 5 is reflected off of the retina 6 and passes back 
through the eye 1 towards the wavefront sensor 3. The wavefront sensor 3 measures the 
optical aberrations present in the eye 1. The wavefront sensor 3 measures the magnitude 
and spatial distribution of the aberrations present in the eye's 1 optical system. This 
information is fed through a processor 7 into the nomogram computer Swhich, after 
analysis, determines, the correct duration, intensity and spatial distribution of intensities 
required to correct the measured aberrations. The nomogram computer 8, in turn, 
communicates with the irradiation profile generator 9 to produce the required Ught 5 to 
correct the adjustable optical element (e.g., an lOL) 10 for aberrations detected in the eye 
1 in a beam dependent on the physical properties of the optical element 10. In the 
embodiment shown, the apparatus farther comprises a feedback loop, which takes the . 
images and sends those images to a processor 6 in signal communication with the 
wavefront sensor 3, which analyzes , the images and transmits the information to a 
controller 7, which generates a corrective profile and transmits that corrective profile to 
an irradiation profile generator 8 in signal communication with the controllCT 7 and the 
light source 2, The irradiation profile generator 8 then controls the light source 2 to emit 
a beam of light ^ which will iiradiate the optical element 10 such that the refraction 
modulating composition RMC dispersed in the polymer matrix of the optical element 10 
will be altered to correct the aberration detected in the optical system 1. 

The procedure described above may be repeated as many times as necessary, such 
that after the first dose of irradiation 5, and sufiBcient time has been allowed for a change 
in the optical properties of the lOL 10 and eye 1, any remaioing aberrations could be 
detected by the wavefront sensor 3 and another dose of irradiation 5, whose beam 
characteristics depend on the second aberration measurement, may be appUed. This 
process of aberration measurement, appUcation of a polymerization stimulus, and 
remeasurement may be continued until the desired optical properties of the eye 1 are 
achieved or imtil the lOL 10 is photolocked. 

It should be noted that any suitable light source 2, beain splitter 4, wavefront 
sensor 3, processor 6, controller 7 and irradiation profiler 8 may be used ia the current 
invention such that the optical element aberrations can be analyzed and corrected. 

Figures la to Id illustrates one inventive embodiment of the current invention in 
which the refractive index of a particular optical area of the lens 10 is changed by light 
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induced polymerization (thus a change in lens power). The modulated lens power is 
locked-in via flood irradiation of the entire lens. In the embodiment shown in Figure la, 
the optical element 10 comprises a FPMC 12 and a RMC 14 dispersed therein. The 
FPMC 12 forms the optical element framework and is generally responsible for many of 
its material properties. The RMC 14 may be a single compound or a combination of 
compounds that is capable of stimulus-induced polymerization, preferably photo- 
polymerization. As used herein, the term "polymerization" refers to a reaction wherein at- 
least one of the components of the RMC 14 reacts to form at least one covalent or 
physical bond with either a like component or with a different component. The identities 
of the FPMC 12 and the RMC 14 will depend on ttie end use of the optical element 10. 
However, as a general rule, the FPMC 12 and the RMC 14 are selected such that the 
components that comprise the RMC 14 are capable of diffusion within the FPMC 12, e.g., 
a loose FPMC 12 will tend to be paired with larger RMC components .14 and a tight 
FPMC 12 will tend to be paired with smaller RMC 14, 

As shown in Figure lb, upon exposure to an appropriate ^ergy source 16 (eg., 
heat or light), the RMC 14 typically forms a second polymer matrix 18 in the exposed 
region 20 of the optical element 10. The presence of the second polymer matrix 18 
changes the material characteristics of this region 20 of the optical element 10 to 
modulate its refraction capabilities. In general, the formation of the second polymer 
matrix 18 typically increases the refractive index of the affected region 20 of the optical 
element 10. 

As shown in Figure Ic, after exposure, the RMC 14 in the unexposed region 22 
will migrate into the exposed region 20 over time. The amount of RMC 14 migration into 
the exposed region 20 depends upon the frequency, intensity, and duration of the 
polymeriziag stimulus and may be precisely controlled. If enough time is permitted, the 
RMC 14 wUl re-eqmlibrate and redistribute throughout the optical element 10 (i.e., the 
FPMC 12, including the exposed region). When the region is re-exposed to the energy 
source 16, the RMC 14 that has since migrated into the region 20 (which may be less 
than if the RMC 14 were allowed to re-equilibrate) polymerizes to further iacrease the 
formation of the second polymer matrix 18. This process (exposure followed by an 
appropriate time interval to allow for diffiision) may be repeated imtil the exposed region 
20 of the optical element 10 has reached the desired property (e.g., power, refractive 
index, or shape). The entire optical element 10 is then exposed to the energy source 16 to 
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"lock-in" the desired lens property by polymerizing the remaining RMC 14 that are 
outside the exposed region 20 before the components 14 can migrate into the exposed 
region io, thus forming the final optical element 10, as shown in Figure Id. Under these 
conditions, because freely dififiisable RMC 14 are no longer available, subsequent 
exposure of the optical element 10 to an energy source 16 cannot further change its 
power. 

The FPMC 12 is a covalently or physicaUy linked structure that functions as an 
optical element 10 and is fomied from a FPMC 12. In general, the FPMC 12 comprises 
one or more monomers that upon polymeri2ation will form the FPMC 12. The FPMC 12 
optionally may include any number of formulation auxiliaries that modulate the 
polymerization reaction or improve any property of the optical element 10. Elustrative 
examples of suitable FPMC 12 monomers include aciyHcs, methaciylates, phosphazenes, 
siloxanes, vinyls, homopolymers, and copolymers thereof As used herein, a "monomer" 
refers to any unit (which may itself either be a homopolymer or copolymer) which may 
be linked together to form a polymer containing repeating units, of the same. If the FPMC 
monomer 12 is a copolymer, it may be comprised of the same type of monomers (e.g., 
two different siloxanes) or it may be comprised of different types of monomers (e.g.. a 
siloxane and an acrylic). 

one or more monomers that form the FPMC 12 are 
polymerized and cross-linked in the presence of the RMC 14. In another embodiment, 
polymeric starting material that forms the FPMC 12 is cross-linked in the presence of the 
RMC 14. Under either scenario, the RMC 14 must be compatible' with and not 
appreciably interfere with the formation of the FPMC 12. Similarly, the formation of the 
second polymer matrix 18 should also be compatible with the existing FPMC 12, such 
that the FPMC 12 and the second polymer matrix 18 should not phase separate and light 
transmission by the optical element 10 should be unaffected. 

As described previously, the RMC 14 may be a single component or multiple 
components so long as: (i).it is compatible with the formation of the FPMC 12; (ii) it 
remains enable of stimulus-induced polymerization after the formation of the FPMC 12; 
and (iii) it is freely difiusable within the FPMC 12. In one eriibodiment, the stimulus- 
induced polymerization is photo-induced polymerization. 

I 

The optical elements 10, described herein, have numerous appUcations in the 
electironics and data storage industries. The optical elements also have applications ui the 
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medical jELeld, such as being used as medical lenses, particularly as lOL. One 
embodiment of an lOL according to the present invention comprises a FPMC 12 and a 
RMC 14 dispersed therem. The FPMC 12 and the RMC 14 are as described above with 
the additional requirement that the resulting lens be biocompatible. 

Illustrative examples of a suitable biocompatible FPMC 12 include: poly-acrylates 
such as poly-alkyl acrylates and poly-hydroxyalkyl acrylates; poly-methacrylates such as 
poly-methyl methacrylate ("PMMA"), poly-hydroxyethyl methacrylate ("PHEMA"), and- 
poly-hydroxypropyl methacrylate ("PHPMA"); poly-vinyls such as poly-styrene and 
poly-N-vinylpyrrolidone ("PNVP"); poly-siloxanes such as poly-dimethylsiloxane; poly- 
phosphazenes, and copolymers of thereof. U.S. Patent No. 4,260,725 and patents and 
references cited therein (which are all incorporated herein by reference) provide more 
specific examples of suitable polymers that may be used to form the FPMC 12. 

In preferred embodiments, the FPMC 12 generally possesses a relatively low glass 
transition temperature ("Tg") such that the resulting lOL tends to exhibit fluid-like and/or 
elastomeric behavior, and is typically formed by crossUnking one or more polymeric 
starting materials wherein each polymeric starting material includes at least one 
crosslinkable group. Illustrative examples of suitable crosslinkable groups include but are 
not limited to hydride, acetoxy, alkoxy, amino, anhydride, aryloxy, carboxy, enoxy, 
epoxy, halide, isocyano, olefinic, and oxime. In more preferred embodiments, each 
polymeric starting material includes terminal monomers (also referred to as endcaps) that 
are either the same or different from the one or more monomers that comprise the 
polymeric starting material but include at least one crosslinkable group, e.g., such that the 
terminal monomers begin and end the polymeric starting material and include at least one 
crosslinkable group as part of its structure. Although it is not necessary for the practice of 
the present invention, the mechanism for crosslirJdng the polymeric starting material 
preferably is different than the mechanism for the stimulus-induced polymerization of the 
components that comprise the RMC 14. For example, if the RMC 14 is polymerized by 
photo-induced polymerization, then it is preferred that tiie polymeric starting materials 
have crosslinkable groups that are polymerized by any mechanism other than photo- 
induced polymerization. 

An especisdly preferred class of polymeric starting materials for the formation of 
the FPMC 12 is poly-siloxanes (also known as "silicones") endcapped with a terminal 
monomer which includes a crosshnkable group selected from the group consisting of 
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acetoxy, amino, alkoxy, haUde, hydroxy, and mercapto. Because silicone lOLs tend to be 
flexible and foldable, generally smaller incisions may be used during the lOL 
implantation procedure. An example of an especiaUy preferred polymeric starting 
material is bis(diacetoxymethylsilyl)-polydimefliylsiloxane (which is poly- 
dimethylsiloxane that is endcapped with a diacetoxymethylsUyl terminal monomer). 

The RMC 14 that is used in fabricating lOLs is as described above except that it 
has the additional requirement of biocompatibiKty. The RMC 14 is capable of stimulus- 
induced polymerization and may be a single component or multiple components so long 
as: (i) it is compatible with the formation of the FPMC 12; (ii) it remains capable of 
stimulus-induced polymerization after the formation of the FPMC 12; and (iii) it is freely 
diffusable within the FPMC 12. In.general, the same type of monomers that is used to 
form the FPMC 12 may be used as a component of the KMC 14. However, because of 
the requirement that the RMC 14 monomers must be diffusable within the FPMC 12, the 
RMC 14 monomers generally tend to be smaller (i.e., have lower molecular weights) than 
the monomers which form the FPMC 12. hi addition to the one or more monomers, the 
RMC 14 may include other components such as uiitiators and sensitizers that,fecilitate the 
formation of the second polymer matrix 18. 

In preferred embodunents, the stimulus-induced polymerization is photo- 
polymerization. In other words, the one or more monomers that comprise the RMC 14 
each preferably includes at least one group that is capable of photopolymerization. 
Illustrative examples of such photopolymerizable groups include but are not limited to 
acrylate, ailyloxy, cinnamoyl, methacrylate, stibenyl, and vinyl. In more preferred 
embodiments, the RMC 14 includes a photoinitiator (any compound used to generate free 
radicals) either alone or in the presence of a sensitizer. Examples of suitable 
photoinitiators include acetophenones ie.g., a-substituted haloacetophenones, and 
diethoxyacetophenone); 2,4-dichloromethyl-l,3,5-triazines; benzoin alkyl ethers; and o- 
benzoyloximino ketone. Exanq)les of suitable sensitizers include p-(diaIkylamino)aryl 
aldehyde; N-alkyhndolylidene; and bis[p-(dialkylamino)benzylidene] ketone. 

Because of the preference for flexible and foldable lOLs, an especially preferred 
class of RMC 14 monomers is poly-siloxanes endcapped with a terminal siloxane moiety, 
that includes a photopolymerizable group. An illustrative representation of such a 
monomer is; 
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wherein Y is a siloxane which may be a monomer, a homopolymer or a copolymer 
formed ftom any number of siloxane units, and X and may b,e the same or different 
and are each independently a terminal siloxane moiety that includes a photopolymerizable 
group. An illustrative example of Y include: 
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where m and n are independently each an integer and R^, R^, and R"^ are 
independently each hydrogen, alkyl (primary, secondary, tertiary, cycle), aryl, or 
heteroaryl. In a preferred embodiment, R^, R^, R^ and R"^ are each a Ci-Cio alkyl or 
phenyl. Because KMC 14 monomers with a relatively high aryl content have been found 
to produce larger changes in the refractive index of the inventive lens, it is generally 
preferred that at least one of R^ R^ R^, and R"^ is an aiyl, particularly phenyl. In more 
preferred embodiments, R^ R^, and R^ are the same and are methyl, ethyl, or propyl and 
R^ is phenyl. 

Illustrative examples of X and X^ (or X^and X depending on how the RMC 14 
polymer is depicted) are: 
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respectively where and R^ are independently each hydrogen, alkyl, aryl, or heteroaryl; 
and Z is a photopolymerizable group. 

In preferred embodiments, R^ and R^ are independently each a Ci-Cio alkyl or 
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phenyl and Z is a photopolymerizable group that includes a moiety selected from the 

group consisting of acrylate, allyloxy, cimiamoyl,,methacrylate, stibenyl, and vinyl. In 

more preferred embodiments, and are methyl, ethyl, or propyl and Z is a 

photopolymerizable group that includes an acrylate or methacrylate moiety. 

In especially preferred embodiments, an RMC 14 monomer is of the following 
formula: 



X- 



I 

Si-O 
I 

R2 



I 

Si— O 
i 



X 



n 



wherein X and are the same and R\ R^, R^ and R'* are as defined previously. 
Illustrative examples of such . RMC 14 monomers include dimethylsiloxane- 
diphenylsiloxane copolymer endcapped with . a vinyl dimethylsilane group; 
dimethylsiloxane-methylphenylsiloxane copolymer endcapped with a 
methacryloxypropyl dimethylsilane group; and dimethylsiloxane endcapped with a 
methacryloxypropyldimethylsilane group. • • 

Although any suitable method may be used, a ring-opening reaction of one or 
more cyclic siloxanes in the presence of triflic acid has been foimd to be a particularly 
efficient method of making one class of inventive RMC 14 monomers. Briefly, the 
method comprises contacting a cyclic siloxane with a compound of tilie fonnula: 



R 
I 

Si 
I 



Z-Si-O- Si-Z 



R 
I 

Si 
I 

R^ 
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in the presence of txiflic acid wherein R^, and Z are as defined previously. The cyclic 
siloxane may be a cyclic siloxane monomer, homopolymer, or copolymer. Alternatively, 
more than one cyclic siloxane may be used. For example, a cyclic dimethylsiloxane 
tetramer and a cyclic methyl-phenylsiloxane trimer/tetramer are ct)ntacted with bis- 
methacryloxypropyltetramethyldisiloxane ia the presence of triflic acid to form a 
dimethylsiloxane methylphenylsiloxane copolymer that is endcapped with a 
methacryloxylpropyldimethylsiiane group, an especially preferred KMC 14 monomer. 

The lOLs may be fabricated with any suitable method that results in a FPMC 12 
with one or more components which comprise the RMC 14 dispersed therein, and 
wherein the RMC 14 is capable of stimulus-induced polymerization to form a second 
polymer matrix 18. In general, the method for making an lOL is the same as that for 
making an optical element 10. In one embodiment, the method comprises mixing a 
FPMC 12 composition with a RMC 14 to form a reaction mixture; placing the reaction 
mixture into a mold; polymerizing the FPMC 12 composition to form said optical element 
10; and, removing the optical element 10 firom the mold. 

The type of mold that is used will depend on the optical element being made. For 
example, if the optical element 10 is a prism, as shown in Figures 2a to 2d, then a mold in 
the shape of a prism is used.. Similarly, if the optical element 10 is an lOL, as shown in 
Figures la to .Id, then an lOLIOL mold is used and so forth. As described previously, the 
FPMC 12 composition comprises one or more monomers for forming the FPMC 12 and 
optionally includes any number of formulation auxiliaries that either modulate the 
polymerization reaction or improve any property (whether or not related to the optical 
characteristic) of liie optical element 10. Similarly, the RMC 14 comprises one or more 
components that together are capable of stimulus-induced polymerization to form the 
second polymer matrix 18. Because flexible and foldable lOLs generally permit smaller 
incisions, it is preferred that both the FPMC 12 composition and the RMC 14 include one 
or more silicone-based or low Tg acrylic monomers when the method is used to make 
lOLs. 

Optical properties of the optical element 10 including the lOL as described above 
can be modified, e.g., by modifying the polymerization of the RMC 14. Such 
modification can be performed even after implantation of the optical element 10 within 
the eye. For example, any errors in the power calculation due to imperfect corneal 
measurements, variable lens positioning, or wound healing may be corrected in a post 

13 



wo 01/71411 PCTAJSOl/09276 

surgical procedure. In addition, such modification can affect various optical properties, 
e.g., refiractive index and/or radius of cxirvature. Applicants believe without being bound 
to any technical limitations that the stimulus-induced polymerization of the RMC fomis a 
second polymer matrix 18 which can change the refractive index and/or the radius of 
curvature of the lOL in a predictable manner, thus affecting a change in lOL power. 

In general, the method for implementing an optical element 10 includes obtaining 
an optical measurement of the optical element 10 either as a standalone optical element or 
as an optical element part of a larger optical system, e.g. a light adjustable lOL implanted 
in the eye, and inducing polymerization of the RMC 14 of the optical element 10 based 
on the optical measurement. The optical measurement includes measuring aberrations of 
the optical element 10 or an optical system, e.g., eye comprising the optical element 10. 
The aberrations measured can be within a lens, an lOL, or an eye with lOL implantation. 
The aberrations include but are not limited to wavefront or optical aberrations including 
e,g,, defocus, astigmatism, coma, spherical, and higher order optical aberrations, la one 
embodiment, the optical measurement is- obtained after an interval of time, e.g. after an 
lOLs implantation and wound healing. The optical measurement can be, obtained by 
using any wavefi-ont sensor suitable for detecting aberrations in an optical element, such 
as, for example a Shack-Hartmann wavefront sensor. , 

In another embodiment, the optical measurement can be obtained by an adaptive 
optics system, e.g., a wavefront sensor , in combination with a wavefront compensator or 
modifying element, such as, for example, a deformable mirror, a spatial light pl^e 
modulator (SLM), a micro-electromechanical membrane, or a segmented micromirror. 

The optical measurement cian be used to determine the degree and type of 
modification necessary for obtaining the desired optical properties of an optical element 
10 such as an lOL. For example, as shown in Figure 7, the Shack-Hartmann wavefi-ont 
sensor detects the aberrations of an optical element 10 or a system comprising the optical 
element 10; a measurement reflective of these aberrations can be used to determine the 
extent and spatial distribution of polymerization of the RMC 14 in the optical element 14, 
e.g., lOL. Polymerization guided by the wavefront analysis, e.g., after lOL implantation 
corrects aberrations with a fine precision thus maximizLQg the visual acuity of the eye. In 
one embodiment, the Shack-Hartmann wavefront sensor is used in combination with a 
wavefront compensator or modifying element, the Shack-Hartmann sensor detects the 
aberrations while the wavefront compensator or modifying element corrects the 
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aberrations, e,g,, wavefront errors under the control of a closed-loop feedback. 
Information of the adjustments made by the -wavefiront compensator or modifying element 
necessary for correcting the aberrations can be used to determine the extent and 
distribution of induction in polymerization of the RMC 14. 

In another embodiment, the Shack-Hartmann wavefront sensor can be used 
without the wavefront compensator. The Shack-Hartmaim wavefront sensor detects the 
spatial distribution and magnitude of aberrations present in the optical system, e.g. and - 
eye with a power adjustable lOL. Knowledge of the spatial distribution and magnitude of 
the aberrations present in the optical element or optical system can be used to determine 
the necessary spatial intensity distribution and duration of the applied stimulus. 

Induction of polymerization of the RMC 14 of an optical element 10 such as an 
lOL can be achieved by exposing the optical element 10 to a stimulus 16. In general, a 
method of inducing polymerization of an lOL having a FPMC 12 and a RMC 14 
dispersed therein, comprises: 

(a) exposing at least a portion of the lens optical element 10 to a stimulus 16 
whereby the stimulus 16 induces the polymmzation of the KMC 14. If after implantation 
and wound healing, no lOL property needs to be modified as determined by a wavefront 
sensor, then the exposed portion is the entire lens. The exposure of the entire lens with 
intensity sufficient to induce complete polymerization of the RMC throughout the lens 
will lock in the then-existing properties of the implanted lens. 

However, if a lens characteristic such as its optical power needs to be modified, as 
determined by a wavefront sensor, then the lens must be exposed to the stimulus 16 such 
that polymerization of the RMC 14 occurs differentially across the lens to compensate for 
the aberrations detected by the wavefront sensor. Such differential polymerization of the 
RMC 14 can be achieved via any suitable means of changing the intensity of the stimulus 
16 spatially across the lens, such as, for example, by exposing only a portion of the lens to 
the stimulus 16 via a photomask and collimated beam; or alternatively by utiHzing a 
stimulus source capable of variable intensity across the entire aperture of the lens, such 
that the lens is subject to a spatially variable stimulus. In one embodiment, the method of 
implementing the lOL ftuther comprises: 

(b) waiting an interval of time; and 

(c) re-exposing a portion of the lens to the stimulus 16. 



15 



wo 01/71411 PCT/USOl/09276 

This procedure generally will induce the further polymerization of the RMC 14 
within the exposed lens region 20. Steps (b) and (c) may be repeated any number of 
times until the lOL (or optical element) has reached the desired lens characteristic. At 
this point, the method may further include the step of exposing the entire lens to the 
stimulus 16 to lock-in the desired lens property. 

Induction of the polymerization of the RMC in an lOL can also be achieved by: 

(a) closing a first portion of the lens to a stimulus 16 whereby the stimulus 16 
induces the polymerization of the RMC 14; and 

(b) exposing a second portion of the lens to the stimulus 16. 

The first lens portion and the second lens portion represent different regions of the lens 
although fibey may overlap. Optionally, the method may include an interval of time 
between the exposures of the first lens portion and the second lens portion. In addition, 
the method may further comprise re-exposing the first lens portion and/or the second lens 
portion any number of times (with or without an interval of time between exposures) or 
may further comprise e^qposing additional portions of the lens (e.g., a third lens portion, a 
fourth lens portion, etc.). Once the desired property has been reached, then the method 
may further include the step of exposing the entire lens to the stimulus 16 to lock-in the 
desired lens property. 

In general, the location of the one or more exposed portions 20 will vary 
dependiQg on the type of refractive error being corrected. For example, in one 
embodiment, the exposed portion 20 of the lOL is the optical zone, which is the center 
region of tiie lens (e.g., between about 4 mm and about 5 mm in diameter). Alternatively, 
the one or more exposed lens portions 20 may be along the lOL's outer rim or along a 
particular meridian. A stimulus 16 for induction of polymerization of the RMC 14 can be 
any appropriate coherent or incohCTent Ught source. 

In addition, an optical element 10 comprising RMC 14 and a wavefiront sensor can 
be combined to provide an apparatus for correcting aberrations in optical systems, e.g., hi 
eyes. The wavefiront sensor can be the Shack-Hartmann wavefiront sensor. In one 
altemative enibodin?.ent, the apparatus also includes an optical element comprising. RMC 
14 in combiaation with an adaptive optics system comprising a wavefiront sensor and a 
wavefront compensating or modifying device, e.g, a deformable mirror, a spatial Hght 
phase modulator (SLM), a micro-electromechapical membrane, or a segmented 
micromiiror. 
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The following examples are provided for exemplijBcation purposes only and are 
not intended to limit the scope of the invention which has been described in broad terms 
above. 



EXAMPLE 1 

Suitable optical materials comprising various amounts of (a) poly- 
dimethylsiloxane endcapped with diacetoxymethylsilane ("PDMS") (36000 g/mol). (b) 
dimethylsiloxane-diphenylsiloxane copolymer endcapped with vinyl-dimethyl silane 
("DMDPS") (15,500 g/mol), and (c) a UV-photoinitiator, 2,2-dimethoxy-2- 
phenylacetophenone ("DMPA") as shown by Table 1 were made and tested. PDMS is the 
monomer which forms FPMC, and DMDPS and DMPA together comprise the RMC 

k 

TABLE 1 





PDMS (wt%) 


DMDPS (wt%) 


DMPA (wtro)" 


1 


90 


10 


1.5 


2 


80 


20 


1.5 


3 


75 


25 


1.5 


4 


70 


30 


1.5 



Appropriate amoimts of PMDS (Gelest DMS-D33; 36000 g/mol), DMDPS 
(Gelest PDV-0325; 3,0-3.5 mole% diphenyl, 15,500 g/mol), and DMPA (Acros; 1.5 wt% 
with respect to DMDPS) were weighed together ia an aluminum pan, manually mixed at 
room temperature until the DMPA dissolved, and degassed under pressure (5 mtorr) for 
2-4 minutes to remove air bubbles. Photosensitive prisms, as shown schematically in 
Figures 2a to 2d, were fabricated by pouring the resulting silicone composition into a 
mold made of three glass slides held together by scotch tape in the form of a prism and 
sealed at one end with sihcone caulk. The prisms are ~5 cm long and the dimensions of 
the three sides are ~8 mm each. The PDMS in the prisms was moisture ciured and stored 
in the dark at room temperature for a period of 7 days to ensure that the resulting FPMC 
was non-tacky, clear, and transparent. 

The amount of photoinitiator (1.5 wt %) was based on prior experiments with 
fixed RMC monomer content of 25% in which the photoinitiator content was varied. 
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Maximal refractive index modulation was observed for compositions containing 1.5 wt% 
and 2 wt % photoinitiator while saturation in refractive index occurred at 5 wt%. 



EXAMPLE 2 

Synthesis KMC monomers 

As illustrated by Scheme 1, below, commercially available bis- 
methacryloxylpropyltetramethyl- disiloxane ("MPS") dissociates and then ring-opens the 
commercially available octamethylcyclotetrasiloxane ("D4") and 
trimethyltriphenylcyclotrisiloxane ("D3'") in the presence of triflic acid in a one pot 
synthesis to form linear RMC monomers. U.S. Patent No. 4,260,725: Kunzler J. F. 
Trends in Polymer Science, 4: 52-59 (1996); Kunzler et al. J. Appl. Poly. Sci., 55: 611- 
619 (1995); and Lai et al., J. Poly. Sci. A. Poly. Chem., 33: 1773-1782 (1995). 



SCHEME 1 



H3C p Me 
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Me 
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H3C Me Me ' 



Me 

RMC Monomer 



Me 



ai3 



Appropriate amounts of MPS, D4, and D3' were stirred in a vial for 1.5-2 hours. 

' * * * 

An appropriate amount of triflic acid was added and the resulting mixture was stirred for 
''.another 20 hours at room temperature. The reaction mixture was diluted with hexane, 
neutralized (the acid) by the addition of sodium bicarbonate, and dried by the addition of 
anhydrous sodium sulfate. After filtration and rotovaporation of hexane, the RMC 
monomer was purified by further filtration through an activated carbon column. The 
RMC monomer was dried at 5 mtorr of pressure between 70-80 °C for 12-18 hours. 

The amounts of phenyl, methyl, and endgroup incorporation were calculated firom 
'H-NMR spectra that were run in deuterated chloroform without internal standard 
tetramethylsilane ("TMS"). Illustrative examples of chemical shifts for some of the 
synthesized RMC monomers foUows. A 1000 g/mole RMC monomer containing 5.58 
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mole% phenyl (made by reacting: 4.85 g (12.5 nunole) of MPS; 1.68 g (4.1 mmole) of 
D3'; 5.98 g (20-.2 mmole) of D4; and 108 jal (1.21 mmole) of triflic acid: 6 = 7.56-7.57 
ppm (m, 2H) aromatic, 6 = 7.32-7.33 ppm (m, 3H) aromatic, 6 = 6.09 ppm (d, 2H) 
olefinic, 6 = 5.53 ppm (d, 2H) olefinic, 5 = 4.07-4.10 ppm (t, 4H) -O-CHzCHzCHz-, 5 = 
1.93 ppm (s, 6H) methyl of methacrylate, 6 = 1.65-1.71 ppm (m, 4H) -O-CH2CH2CH2-, 6 
= 0.54-0.58 ppm (m, 4H) -O-CHaCHaCHz-Si, 6 = 0.29-0.30 ppm (d, 3H), CHa-Si-Phenyl, 

5 = 0.04-0.08 ppm (s, 50 H) (CH3)2Si of the backbone. 

A 2000 g/mole RMC monomer containing 5.26 mole% phenyl (made by reacting: 
2.32 g (6.0 mmole) of MPS; 1.94 g (4.7 mmole) of D3'; 7;74 g (26.1 mmole) of D4; and 
136 ill (1.54 imnole) of triflic acid: 8 = 7.54-7.58 ppm (m, 4H) aromatic, 5 = 7.32-7.34 
ppm (m, 6H) aromatic, 5 = 6.09 ppm (d, 2H) olefinic, 5 = 5.53 ppm (d, 2H) olefinic, 6 = 
4.08-4. 1 1 ppm (t, 4H) -O-CS2CH2CH2-, 6 = 1.94 ppm (s, 6H) methyl of methacrylate, 6 = 
1.67-1.71 ppm (m, 4H) -O-CH2CH2CH2-, 6 = 0.54-0.59 ppm (m, 4H) -O-CHaCHzCHz-Si, 

6 = 0.29-0.31 ppm (m, 6H), CHa-Si-Phenyl, 5 = 0.04-0.09 ppm (s, 1 12H) (CH3)2Si of the 
backbone. 

A 4000 g/mole RMC monomer containing 4, 16 mole% phenyl (made by reacting: 
1.06 g (2.74 mmole) of MPS; 1.67 g (4.1 mmole) of D3'; 9.28 g (31,3 mmole) of D4; and 
157 III (1.77 mmole) of triflic acid: .8 = 7.57-7.60 ppm (m, 8H) aromatic, 5 = 7.32-7.34 
ppm (m, 12H) aromatic, 5 = 6.10 ppm (d, 2H) olefinic, 5 = 5.54 ppm (d, 2H) olefinic, 8 = 
4.08-4.12 ppm (t, 4H) -O-CH2CH2CH2-, 8 - 1.94 ppm (s, 6H) methyl of methacrylate, 8 = 
1.65-1.74 ppm (m, 4H) -O-CH2CH2CH2T, 8 = 0.55-0.59 ppm (m, 4H) -O-CHzCHiCEb-Si, 
8 = 0.31 ppm (m, IIH), CHa-Si-Phenyl, 8 = 0.07-0.09 ppm (s, 272 H) (CH3)2Si of the 
backbone. 

Similarly, to synthesize dimethylsiloxane polymer without any 
methylphenylsiloxane units and endcapped with mefhyacryloxypropyldimethylsilane, the 
ratio of D4 to MPS was varied without incorporating D 3* 

Molecular weights were calculated by ^H-NMR and by gel permeation 
chromatography ("GPC")- Absolute molecular weights were obtained by universal 
calibration method using polystyrene and poly(methyl methacrylate) standards. Table 2 
shows the characterization of other RMC monomers synthesized by the triflic acid ring 
opening polymerization. 
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Mole % 


Mole % 


Mole % 


Mn 


Mn 






Phenyl 


Methyl 


Methacrylate 


(NMR) 


(GPC) 




A 


6.17 


87.5 


6.32 


1001 


946 


1.44061 


B 


3.04 


90.8 


6.16 


985 


716 


1.43188 


C 


5.26 


92.1 

1 


2.62 


1906 


1880 




D 


4.16 


94.8 


1.06 


.4054 


4200 


1.42427 


E 


0 


94.17 


5.83 


987 


1020 


1.42272 


F 


0 


98.88 


1.12 


3661 


4300 


1.40843 



At 10-40 wt%, these RMC monomers of molecular weights 1000 to 4000 g/mol 
with 3-6.2 mole % phenyl content, are completely miscible, biocompatible, and form 
optically clear prisms , and lenses when incorporated in the silicone matrix. RMC 
monomers with high phenyl content (4-6 mole %) and low molecular weight (1000-4000 
g/mol) resulted in inta-eases in rej&active index change of 2.5 times and increases in 
speeds of difiiision of 3.5 to 5.0 times compared to the RMC monomer used in Table 1 
(dimethylsiloxane-diphenylsiloxane copolymer endcapped with vinyldiniethyl silane 
("DMDPS") (3-3.5 mole % diphenyl content, 15500 g/mol). These RMC monomers were 
used to make optical elements comprising: (a) poly-dimethylsiloxane endc^ped with 
diacetoxymethylsilane ("PDMS") (36000 g/mol), (b) dimethylsiloxane 
methylphenylsiloxane copolymer that is endcapped with a 
methacryloxylpropyldimethylsilane group, and (c) 2,2-diniethoxy-2-phenylacetophenone 
("DMPA")- Note that component (a) is the monomer that forms the FPMC and 
components (b) and (c) comprise the RMC. 



EXAMPLES 

Fabrication of intraocular lenses ("IQT.") 

An lOL mold was designed according to well-accepted standards. See e,g,^ U.S. 
Patent Nos. 5.762,836; 5,141,678; and 5,213,825. Briefly, the mold is built around two 
plano-concave surfaces possessing radii of curvatures of -6.46 mm and/or -12.92 mm, 
respectively. The resulting lenses are 6.35 mm in diameter and possess a thiclmess 
ranging from 0.64 mm,. 0.98 mm, or 1.32 mm depending upon the combination of 
concave lens surfaces used. Using two different radii of curvatures in their three possible 
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combinations and assuming a nominal refractive index of 1.404, but not limited to, for the 
lOL composition, lenses with pre-irradiation powers of 10.51 D (62.09 D in air), 15.75 D 
(92:44 in air), and 20.95 D (12 1 .46 D in air) were fabricated. 

EXAMPLE 4 

Stabihtv of Compositions against Leachiag 

Three lOLs were fabricated with 30 and 10 wt% of RMC monomers B and D- 
incorporated in 60 wt% of the PDMS matrix. After moisture curing of PDMS to form the 
FPMC, the presence of any free RMC monomer in the aqueous solution was analyzed as 
follows. Two out of three lenses were irradiated three times for a period of 2 minutes 
using 340 nm Ught, while the third was not irradiated at all. One of the irradiated lenses 
was then locked by exposing the entire lens matrix to radiation. All three lenses were 
mechanically shaken for 3 days in 1.0 M NaCl solution. The NaCl solutions were then 
extracted by hexane and analyzed by ^H-NMR. No peaks due tp the RMC monomer were 
observed in the KMR spectrum. These results suggest that the RMC monomers did not 
leach out of the matrix into the aqueous phase in all three cases. Earlier studies on a vinyl 
endcapped silicone RMC monomer showed similar results even after being stored in 1 .0 
M NaCl solution for more than one year. 

Matrix assisted laser desorption ionization time of flight (MALDI-TOF) mass 
spectrometry was employed to further study the potential leaching of monomer and 
matrix into aqueous solutions. Four lenses were examined in this study. The first lens 
was fabricated with 30 and 10 wt% monomers E and F incorporated in 60 wt% of the 
PDMS matrix. This lens was exposed to- 2.14 mW/cm^ of 325 nm light &om a He:Cd 
laser for four minutes after placing a 0,5 mm. width astigmatism mask 23'' clockwise from 
vertical over the lens. The first lens was then photolocked three hours after the initial 
irradiation by exposure to a low pressure Hg lamp for 8 minutes. The second lens was 
composed of 30 and 10 wt % monomers B and D incorporated in 60 wt% of the PDMS 
matrix. This lens was exposed to 3.43 mW/cm^ of 340 nm Ught firom a Xe:Hg arc lamp 
after placing a 1 mm diameter photomask over the central portion of the lens. The second 
lens was not photolocked. The third lens was fabricated with 30 and 10 wt% monomers 
E and F incorporated in 60 wt% of the PDMS matrix. This lens was exposed to 2.14 
mW/cm^ of 325 nm light from a He:Cd laser for four minutes after placing a 1.0 mm 
diameter photomask over the central portion of the lens. The third lens was then 
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photolocked three hours after the initial irradiation by exposure to a low pressure Hg lamp 
for 8 minutes. TTie fourth lens was fabricated with 30 and 10 wt% monomers E and F 
incorporated in 60 wt% of the PDMS matrix. The fourth lens was not irradiated. The 
four lenses were placed individually into 5 ml of doubly distilled water. One ml of dish 
washing detergent (a surfactant) was added to the solution containing lens #2. The lenses 
were kept in their respective solutions for 83 days at room temperature. After this time, 
the lenses, m their respective solutions, were placed into an oven maintained at 37 °C for 
78 days. Each of the aqueous solutions were thai extracted three times using 
approximately 5 ml of hexane. All hexane extracts fiom each lens solution were 
combined, dried over anhydrous sodium sulfate Q^&zSO^), and allowed to evaporate to 
drjmess. Each of flie four vials was then extracted with THF, spotted onto a dihydroxy 
benzoic acid maixix, and analyzed by MALDI-TOF. For comparison, each of the 
monomers and PDMS matrix were run in their piire form. Comparison of the four 
extracted lens samples and the pme components showed no presence of any of the 
monomers or matrix indicating that monomer and matrix were not leaching out of the 
lenses. 



EXAMPLE 5 

Toxicolosdcal Studies in Rabbit Eves 

Sterilized, unirradiated, and irradiated sihcone lOLs (fabricated as described in 
Example 3) of the present invention and a steriHzed commercially available sihcone lOL 
were implanted in albino rabbit eyes. After cUnically following the eyes for one week, 
tiie rabbits were sacrificed. The extracted eyes were enucleated, placed ia formalin, and 
studied histopathologically. There is no evidence of corneal toxicity, anterior segment 
inflammation, or other signs of lens toxicity. 

EXAMPLE 6 

Irradiation of Sihcone Prisms 

Because of the ease of measvuing refractive index . change (An) and percent net 
refractive index change (%An) of prisms, the inventive formulations were molded into 
prisms 26 for irradiation and characterization, as shown in Figures 2a to 2d. As shown in 
Figure 2a, the prisms 26 were fabricated by mixing and pouring (a) 90-60 wt% of high 
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Mn PDMS 12 (FPMC), (b) 10-40 wt% of RMC 14 monomers in Table 2, and (c) 0.75 
wt% (with respect to the RMC monomers) of the photoinitiator DMPA into glass molds 
in the form of prisms 5.0 cm long and 8.0 inm on each side. The siUcone composition in 
the prisms 26 was moisture cured and stored in the dark at room temperature for a period 
of 7 days to ensure that the final matrix was non-tacky, clear, and transparent. 

Figures 2a to 2d illustrate the prism irradiation procedure. Two of the long sides 
of each prism 26 were covered, by a black background while the third was covered by 
photomask 28 made of an aluminum plate 30 with rectangular windows 32 (2.5 mm x 10 
rmn), as shown in Figure 2b. Each prism 26 was exposed to 3.4 mW/cm^ of collimated 
340 nm light 16 (peak absorption of the photoinitiator) from a 1000 W Xe:Hg arc lamp 
for various time periods. 

The prisms 26 with the photomask 28 were subject to both (i) continuous 
irradiation - one-time exposure for a known time period, and (ii) "staccato" irradiation - 
three shorter exposures with long intervals between them. During continuous irradiation, 
the refractive index contrast is dependent on the crosslinldng density and the mole % 
phenyl groups, while in the interrupted irradiation; RMC 14 monomer diffusion and 
further crosslinking also play an important role. During staccato irradiation, the RMC 14. 
monomer polymerization depends on the rate of propagation during each exposure and 
the extent of interdiffiision of free RMC 14 monomer during the intervals between 
exposures. Typical values for the diffusion coefficient of oligomers (similar to the 1000 
g/mole RMC 14 monomers used in tiie practice of the present invention) in a silicone 
matrix are on the order of lO"^ to 10"'^ cm^/s. In other words, the inventive RMC 14 
monomers require approximately 2.8 to 28 hours to diffuse 1 mm (roughly the half width 
of the irradiated bands). The distance of a typical optical zone in an lOL is about 4 to 
about 5 mm across. However, the distance of the optical zone may also be outside of this 
range. After the appropriate exposures, the prisms 26 were irradiated without the 

* 

photomask (thus exposing Has eatire matrix) for 6 tainutes using a medium pressure 
mercury-arc lamp, as shown in Figure 2d. This polymerized the remaining silicone RMC 
14 monomers and thus "locked" the refractive index of the prism in place. 
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EXAMPLE? 

Prism Dose Response Curves 

Inventive prisms 26 fabricated from RMC 14 monomears described by Table 2 
were masked and initially exposed for 0.5, 1, 2, 5, and 10 minutes using 3.4 mW/cm^ of 
the 340 nm line from a 1000 W Xe:Hg arc lamp, as shown schematically in Figures 2a to 
2d. The exposed regions 20 of the prisms 26 were marked, the mask 28 detached and the 
refractive index changes measured. The refractive index modulation of the prisms 26 was 
measured by observing the deflection of a sheet of laser light passed through the prism 
26. The difference in deflection of the beam passing through the exposed 20 and 
unexposed 22 regions was used to quantify the refractive index change (An) and the 
percentage change in the refractive index (% An). 

After three hours, the prisms 26 were remasked with the windows 32 overlapping 
with the previously exposed regions 20 and irradiated a second time for 0.5, 1, 2, and 5 
minutes (total time thus equaled 1, 2, 4, and 10 minutes respectively). The masks 28 were 
detached and the refractive index changes measured. After another three hours, the 
prisms were ejqjosed a third time for 0.5, 1, and 2 minutes (total time thus equaled 1.5, 3, 
and 6 minutes) and the refractive index changes were measured. As expected, ^he % An 
increased with exposure; time fi>r each prism 26 after each exposure resulting in 
prototypical dose response curves. Based upon these results, adequate KMC 14 monomer 
diffusion appears to occur in about 3 hours for 1000 g/mole RMC 14 monomer. 

All of the RMC monomers (B-F) except for RMC monomer A resulted in 
optically clear and transparent prisms before and after their respective exposures. For 
example, the largest % An for RMC monomers B, C, and D at 40 wt% incorporation into 
60 wt% FPMC were 0.52%, 0.63% and 0.30% respectively which corresponded to 6 
minutes of total exposure (three ejqposures of 2 minutes each separated by 3 hour intervals 
for RMC monomer B and 3 days for RMC monomers C and D). However, although it 
produced the largest change in refractive index (0.95%), the prism fabricated from RMC 
monomer A (also at 40 wt% incorporation into 60 wt% FPMC and 6 minutes of total 
exposure - three exposures of 2 noinutes each separated , by 3 hour intervals) turned 
somewhat cloudy. Thus, if RMC monomer A were used to fabricate an lOL, then the 
RMC must include less than 40 wt% of RMC monomer A or the % An must be kept 
below the point where the optical clarity of the material is compromised. 
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A comparison between the continuous and staccato irradiation for RMC A and C 
in the prisms shows that lower %An values occurs ia prisms exposed to continuous 
irradiation as compared to those observed using staccato irradiations. As indicated by 
these results, the time interval between exposures (which is related to the amount of RMC 
diffusion from the imexposed to exposed regions) may be exploited to precisely modulate 
the refractive index of any material made from the inventive polymer compositions. 

Exposure of the entire, previously irradiated prisms to a medium pressure Hg arc - 
lamp polymerized any remaimng free RMC, effectively locking the refractive index 
contrast Measurement of the refractive index change before and after photolockiug 
indicated no ftirther modulation in the refractive rudex. 



EXAMPLE 8 

• ♦ 
Optical characterization of lOLs 

* 

Talbot interferometry and the Ronchi test, as shown in Figures 3a, 3b and 4 were 
used to qualitatively and quantitatively measure any primary optical aberrations (primary 
spherical, coma, astigmatism, field curvature, and distortion) present in pre- and post- 
irradiated lenses as well as quantifying changes in power upon photopolymerization. 

In Talbot interferometry, the test lOL is positioned between the two Ronchi 
rulings with the second grating placed outside the focus of the lOL and rotated at a known 
angle, 0, with respect to the first grating. Superposition of the autoimage of the first 
Ronchi ruling (pi = 300 lines/inch) onto the second grating (P2 = 150 lines/inch) produces 
Moire fringes incliaed at an angle, ai. A second Moire fringe pattern is constructed by 
axial displacement of the second Ronchi ruling along the optic axis a known distance, d, 
from the test lens. Displacement of the second grating allows the autoimage of the first 
Ronchi ruling to increase in magnification causiug the observed Moire fiinge pattern to 
rotate to a new angle, 62- Knowledge of Moire pitch augles permits determination of the 
focal length of the lens (or inversely its power) through the expression: 

1 . 1 



tan a 2 sin G + cos 6 tan a i sin 0 + cos 9 > 



(1) 



To illustrate the applicability of Talbot interferometry to this work, Moir6 fiinge 
patterns of one of the inventive, pre-itradiated lOLs (60 wt% PDMS, 30 wt% RMC 
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monomer B, 10 wt% RMC monomer D, and 0.75% DMPA relative to the two RMC 
monomers) measured in air is presented in Figures 3a and 3b- Each of the Moire friiiges 
was fitted with a least squares fitting algorithm specifically designed for the processing of 
Moire patterns. The angle between the two Ronchi rulings was set at 12°, the 
displacement between the second Ronchi ruling between the first and second Moire fringe 
patterns was 4.92 mm, and the pitch angles of the Moire fringes, measured relative to an 
orthogonal coordinate system defined by the optic axis of the instrument and crossing the 
two Ronchi rulings at 90°, were ai = -33.2° ± 0.30° and 0L2 = -52.7° i 0.40°. Substitution 
of these values into the above equation results in a focal length of 10.71 ± 0.50 nun 
(power = 93.77 ± 4.6 D). 

Optical aberrations of the inventive lOLs (from either fabrication or from the 
stimulus-induced polymerization of the RMC components) were monitored using the 
"Ronchi Test" which involves removing the second Ronchi ruling from the Talbot 
interferometer and observing the inagnified autbimage of the first Ronchi ruling after, 
passage though the test lOL. The aberrations of the test lens manifest themselves by the 
geometric distortion of the fringe system (produced by the Ronchi ruling) when viewed in 
the image plane. Knowledge of the distorted image reveals the aberration of the lens. In 
general, the inventive fabricated lenses (both pre. and post irradiation treatments) 
exhibited sharp, parallel, periodic spacing of the interference fiinges indicating an 
absence of the majority of primajy-order optical aberrations, hi^ optical surface quality, 
homogeneity of n in the bulk, and constant lens power. Figure 4 is an illustrative 
example of a Ronchigram of an inventive, pre-irradiated lOL that was fabricated from 60 
wt% PDMS, 30 wt% RMC monomer B, 10 wt% RMC monomer D, and 0.75% of DMPA 
relative to the 2 RMC monomers. 

The use of a single Ronchi ruling may also be used to measure the degree of 
convergence of a refracted wavefront {i.e., the power). In this measurement, the test lOL 
is placed in contact with the first Ronchi ruling, collimated Ught is brought incident upon 
the Ronchi rahng, and the lens and the magnified autoimage is projected onto an 
observation screen. Magnification of the autoimage enables measurement of the 
curvature of the refracted wavefront by measuring the spatial frequency of the projected 
fiinge pattern. These statements are quantified by the following equation: 
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1000 



1+ 



(2) 



J 



L 

wherein Pv is the power of the lens expressed in diopters, L is the distance from the lens 
to the observing plane, ds, is the magnified fringe spacing of the first Ronchi ruling, and d 
is the original grating spacing. 

EXAMPLE 9 

Power changes from photonolvmerization of the inventive IQLs 

An inventive lOL 10 was fabricated as described by Example 3 comprising 60 
wt% PDMS 12 (nD-L404), 30 wt% of RMC monomer B 14 (nD=L4319), 10 wt % of 
RMC monomer D 14 (nD=1.4243), and 0.75 wt% of the photoinitiator DMPA relative to 
the combined weight percents of the two RMC 14 monomers. The lOL 10 was fitted 
with a 1 mm diameter photomask 28 and exposed to 3,4 mW/cm^ of 340 nm coUimated 
light 16 from a 1000 W Xe:Hg arc lamp for two minutes, as shown in Figure 5a. The 
irradiated lens 10 was then placed in the dark for three hours to permit polymerization 
and RMC 14 monorner diffusion, as shown m Figure 5b. The lOL 10 was photolocked 
by continuously exposing the entire lens 10 for six minutes using the aforementioned 
Ught conditions, as shown in Figure 5c. Measurement of the Moir6 pitch angles followed 
by substitution into equation 1 resulted in a power of 95.1 ± 2.9 D (f=10.52 ± 0.32 mm) 
and 104,1 ± 3.6 D (f=9.61 mm ± 0.32 mm) for the unirradiated 22 and irradiated 20 
zones, respectively. 

The magnitude of the power increase was more than what was predicted from the 
prism experiments where a 0.6% increase in the refractive index was routinely achieved. 
If a similar increase in the refractive index was achieved in the lOL, then the expected 
change in the refractive index would be 1.4144 to 1 .4229. Using the new refractive index 
(1.4229) in the calculation of the lens power (in air) and assuming the dimensions of the 
lens did not change upon photopolymerization, a lens power of 96,71 D (f=10;34 mm) 
was calculated. Since this value is less than the observed power of 104.1 ± 3.6 D, the 
additional increase in power must be from another mechanism. 

Further study of the photopolymerized lOL 10 showed that subsequent RMC 14 
monomer diffusion after the initial radiation exposure leads to changes in the radius of 
curvature of the lens 10, as shown in Figure 5d. The RMC 14 monomer migration from 
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the unirradiated zone 22 into the irradiated zone 20 causes either or both of the anterior 34 
and posterior 36 surfaces of the lens 10 to swell thus changing the radius of curvature of 
the lens 10. It has been determined that a 7% decrease in the radius of curvature for both 
surfaces 34 and 36 is sufficient to explain the observed increase in lens power. 

The concomitant change in the radius of curvature was further studied. An 
identical lOL 10 described above was fabricated. A Ronchi interferogram of the lOL 10 
is shown in Figure 6a (left interferogram). Using a Talbot interferometer, the focal length 
of the lens 10 was experimentally determined to be 10.52 ± 0.30 mm (95.1 D ± 2.8 D). 
The lOL 10 was then fitted with a 1mm photomask 28 and irradiated witii 1.2 mW of 340 
collimated Ught 16 from a 1000 W Xe:Hg arc lamp continuously for 2.5 minutes. Unlike 
the previous lOL, this lens 10 was not "locked in" three hours after irradiation. Figure 6b . 
(right interferogram) is the Ronchi interferogram of the lens 10 taken six days after 
iixadiation. The most obvious feature between the two interference patterns is the 
dramatic increase in the fiinge spacing 38, which is indicative of an increase in the 
refi^tive power of the lais 10. 

Measurement of the fiinge spacings 38 indicates an increase of approximately +3 8 
diopters in air (f w 7.5 mm). This corresponds to a change in the order of approximately 

'r 

+8.6 diopters in the eye. Since most post-operative corrections fi-om cataract surgery are 
Avithin ± 2 D, this experiment indicates that the use of the inventive lOLs will permit a 
relatively large therapeutic window. 

EXAMPLE 10 

• * * 

Photopolvmerization studies of non-phenvI-c nntaiTiiTipr TOT c 

Inventive lOLs 10 using non-phenyl containing RMC monomers 14 were 
fabricated to further study the swelling fmm the formation of the second polymer matrix 
18. An illustrative example of such an lOL 10 was fabricated firom 60 wt% PDMS, 30 
wt% RMC monomer E, 10 wt% RMC monomer F, and 0.75% DMPA relative to the two 
RMC monomers. The pre-irradiation focal length of the resulting lOL was 10.76 mm ± 
0.25 mm (92.94 ± 2.21 D). 

In this experiment, the light source 16 was a 325 nm laser line from a He;Cd laser. 
A 1 mm diameter photomask 28 was placed over liie lens 10 and exposed to a collimated 
flux 16 of 2.14 mW/cm^ at 325 nm for a period of two minutes. The lens 10 was then 

» 
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placed in the dark for three hours. Experimental measurements indicated that the focal 
length of the lOL 10 changed from 10.76 mm ± 0.25 mm (92.94 D ± 2.21 D) to 8.07 mm 
± 0.74 rmn (123.92 D ± 10.59 D) or a dioptric change of + 30.98 D ± 10.82 D in air. This 
corresponds to an approximate change of + 6.68 D in the eye. The amount of irradiation 
required to induce these changes is only 0.257 J/cm^. 

EXAMPLE 11 

Momtoring for potential IQL changes jfrom ambient lig ht 

The optical power and quality of the inventive lOLs were monitored to show that 
handling under ambient light conditions does not produce any unwanted changes in lens 
power. A 1 ram open diameter photomask was placed over the central region of an 
inventive lOL (containing 60 wt% PDMS, 30 wt% RMC monomer E, 10 wt% RMC 
monomer F, and 0.75 wt% DMPA relative to the two RMC monomers), exposed to 
continuous room light for a period of 96 hours, and the spatial frequency of the Ronchi 
patterns as well as the Moire fringe angles were monitored every 24 hours. Using the 
method of Moire fringes, the focal length measxured m the air of the lens immediately 
after removal from the lens mold is 10.87 ± 0,23 mm (92.00 D ± 1.98 D) and after 96 
hours of exposure to ambient room hght is 10.74 mm ± 0.25 mm (93.11 D ±2.22 D). 
Thus, within the experimental uncertainty of the measurement, it is shown that ambient 
light does not induce any unwanted change in power. A comparison of the resulting 
Ronchi patterns showed no change in spatial frequency or quality of the interference 
pattern, confirming that ejsposure to room light does not affect the power or quality of the 
inventive lOLs. 

EXAMPLE 12 

Effect of the lock in procedure of an irradiated IQL 

An inventive lOL whose power had been modulated by irradiation was tested to 
see if the lock-in procedure resulted in fiirther modification of lens power. An lOL 
fabricated from 60 wt% PDMS, 30 wt% RMC monomer E, 10 wt% RMC monomer F, 
and 0.75% DMPA relative to the two RMC monomers was irradiated for two minutes 
with 2.14 mW/cm^ of the 325 nm laser liue from a He:Cd laser and was exposed for eight 
minutes to a medium pressure Hg arc lamp. Comparisons of the Talbot images before 
and after the lock in procedure showed that the lens power remained unchanged. The 

29 



wo 01/71411 PCT/USOl/09276 

sharp contrast of the interference Mnges indicated that the optical quaUty of the inventive 
lens also remained unaffected. 

To determine if the lock-procedure was complete, the lOL was refitted with a 1 
mm diameter photomask and exposed a second time to 2.14 mW/cm^ of the 325 mn laser 
line for two .minutes. As before, no observable change in Mnge space or in optical 
quality of the lens was observed. 

EXAMPLE 13 

Monitoring for potential IQT. rhanees from the lock-in 

A situation may arise wherein the implanted lOL does not require post-operative 
power modification. In such cases, the lOL must be locked in so that its characteristic 
will not be subject to change. To . determine if the lock-in procedure induces undesired 
changes in the refiractive power of a previously unirradiated lOL, the inventive lOL 
(containing 60 wt% PDMS, 30 wt% KMC monomer E, 10 wt% RMC monomer F, and 
0.75 wt% DMPA relative to the two RMC monomers) was subject to three 2 minute 
irradiations over its entire area that was separated by a 3 hour interval using 2.14 mW/cm^ 
of the 325 nm laser line firom a He:Cd laser. Ronchigrams and Moire fringe patterns were 
taken prior to and after each subsequent irradiation. The Moire fiinge patterns taken of 
flie inventive lOL in air immediately after removal from the lens mold and after the third 
2 minute irradiation indicate a focal length of 10.50 mm ±0.39 mm (95.24 D ±3.69 D) 
and 10.12 mm ±0.39 mm (93.28 D ±3.53D) respectively. These measurements indicate 
that photolocking a previously unexposed lens does not iaduce unwanted changes in 
power. In addition, no discemable change in fringe spacing or quality of the Ronchi 

fiinges was detected indicating that the refractive power had not changed due to the lock- 
iiL . 



EXAMPLE 14 

Application of a wavefront sens or to an lOL capable of post-implantation power 
modification 

a. Shack-Hartmann wavefront sensor 

The basic theory of a Shack-Hartmann wavefront sensor used to measure the 
aberrations of an optical system is based upon the concept that a portion (i.e. a 
subaperture) of a converging wavefiront tilted relative to an ideal wavefix)nt causes Hght to 
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come to a focus at a place other than the intended focus. The converse can be used to 
determine , the tilt error in a portion of the wavefiront by determining where the light from 
that region intercqjts some plane, and the corresponding difference between that 
intersection and the one expected firom a perfect/ideal wavefront. 

The Shack-Hartmann wavefiront sensor uses a lens array to measure the locahzed 
slopes of an aberrated wavefiront. As shown in Figure 7, the sensor 40 is constructed 
firom an array of spherical lenses or two identical layers of cylindrical lenses arranged at 
90° with respect to each other forming a two-dimensional array of spherical lenslets 42. 
These lenslets 42 divide the wavefront 44 under test into a number of sub apertures, 
which bring the light to an array of foci in the focal plane of the lens array 42. The test of 
an ideal, wave 46 results in a regular array of focus spots 48, each spot being located on 
the optical-axis of the corresponding lenslet 42. If an aberrated wavefront 44 is used, the 
image spot 50 on an image plane 52 at each sub-aperture shifts with respect to the 
corresponding point 48 in the reference pattern by a factor proportional to the local tilt 
The local slopes, or the partial derivatives, of tte tested wavefront 44 can therefore be 

■ 

detected by measurement of the shift of these focus spots 48 and 50. Figure 7 depicts 
how the tilt at each passage through a lenslet 42 is estabHshed. The sohd and dashed lines 
represent the wave normals to the ideal. 46 and aberrated 44 converging wavefronts, 
respectively, after ideal 46 and aberrated 44 converging wavefronts, respectively, after 
passage through the array of lenslets 42. From the figure. Ax is the value of one of the 
components of beam deviation, f is the focal length of the lenslet array, and Gx is the 
angular tilt of the aberrated wavefront 44 from ideality. The partial derivatives of the 
tested wavefront 44 W (x,y) at the samphng positions (x,y) are obtained from the 
relationships 

= (3a) 

ax f 



dy f 
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b. Application of a Shack-Hartmann wavefront sensor and wavefront compensator 
to correct for the optical aberrations of the human eye 

The Shack-Hartmaim wavefront sensor can be used in a human eye and optionally 
in conjunction with a wavefront compensator. In particular, an optical measurement can 
be obtained by first establishing a set of reference spots from an ideal wavefront. In the 
absence of the eye, a well collitnated beam is directed through an optical system and 
passed through the Shack-Hartmann wavefront sensor where it is focused onto the 
viewing screen. Using this pattern as a reference removes any phase errors or aberrations 
inherent to the optical system. A compact source of incoherent or coherent light is then 
focused onto the retina. If the eye possesses aberriations, the light reflected from the 
retina forms a distorted wavefront as it exits the eye. The pupil of the distorted wavefront 
is then focused onto the surface of the defonnable mirror (or appropriate wavefront 
compensating device) initially kept flat (or in the off position) and then transmitted to the 
Shack-Hartmaim wavefront sensor. The defonnable mirror or appropriate wavefront 
compensating device lies in a plane conjugate to both the eye's pupil plane and the lenslet 
array of the wavefront sensor. The two-dimensional lenslet array samples the wavefront 
and forms an array of focused spots onto a photographic plate, CCD camera, or other type 
of electronic imaging device. Each of the spots from the lenslets is displaced on the 
image plane in proportion to the slope of the wavefront error. The resulting aberrated 
wavefront from the eye is analyzed by first finding the focus spot of each sub-aperture 
determined by the centroid of light distribution. By comparing the positions of 
corresponding focus spots in the real and reference patterns, the shifts of each focus spot 
in the X and y durections are calculated. The partial derivatives of the central sampling 
points of the deformed wavefront from the eye in both the x and y directions are 
determined from equations (3a) and (3b). The entire wavefront distribution is then 
reconstmcted from the calculated partial derivatives of the aberrated wavefront using 
modal wavefront estimation. The tested wavefront, W (x,y), is assumed to be expressed 
by: 

14 

W(x, y) = SCiZi (x, y) . 

i=0 
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where the Zi (x, y)'s are the Zemike polynomials up to fotirth degree and the Q's are the 
correspondmg coefficients for each mode. Using equations (3a) and (3b) the partial 
derivatives of W(x,y) take the fortn: 

14 

gW(x, y) = 2Ci aZi (X, y) (5a) 
Sx dx 

14 - 

dW(x, y) - 2Ci dZi (X. y) (5b) 
Sy ay 

A least squares fit is appUed to the tested partial derivatives and the coefficients 
for the Zemike polynomial coefficients are obtained in matrix form 

C = (TM)(PQ) (6) 
where C is the coefficient colunm vector, PQ is the derivative column vector, and TM is a 
transforaiation matrix of dimension 14 x 2N^ where 2N^ is the total number of 
measurements of derivatives. Thus, knowledge of the tested derivatives permits 
calculation of the Zemike coefficients, the entire wavefiront distribution W (x,y), and 
therefore the contribution of individual Zemike modes. The final quantity has direct 
physical significance to the overall aberrations present in the eye because the individual 
Zemike modes represent a particular aberration, e.g., defocus, astigmatism, coma, etc., 
and thus their magnitudes are a measure of the contribution of the aberration adversely 
affecting vision. 

The above discussion expUcifly applies Zemike polynomials for wavefiront 
decompositioiL However, in practice the wavefiront decomposition could be performed 
using Seidel aberration coefficients or any other appropriate set of basis fimctions. 

Compensation of the aberrated wavefiront may be achieved by use of a deformable 
mirror, a spatial light modulator (SLM), a micro-electromechanical membrane, a 
segmented microminror, or appropriate wavefront compensator. A typical, commercially 
available deformable mirror consists of an aluminized glass faceplate with 37 PZT 
actuators mounted in a square array on the back surface. After computation of the 
wavefiront error, voltages are applied to the appropriate actuators on the back surface of 
the deformable mirror to minimize or effectively null the aberrations of the system. Ih 

* 
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practice, the actuators are updated by correcting 10% of the error measured by the 
wavefiront sensor in successive iterations. After the initial correction, the wavefiront test 
is performed again, compared with, the reference pattern of the ideal wavefront, the error 
is calculated, and voltages are applied to the appropriate PZT actuators of the deformable 
mirror. This procedxn-e is repeated until a minimum in the root mean square (RMS) of the 
wavefiront error is achieved. 



c. Application of a wavefront sensor to an lOL capable of post-impiantation power 
modification 

The Shack-Hartmann wavefiront sensor can be used to guide the modification of a 
power adjustable lOL in a human eye. After a power adjustable lOL has been implanted 
and sufficient time has passed for healing and refiractive stabilization of the eye, the 
amount and type of aberratiojos in the eye can be evaluated with the Shack-Hartmam 
wavefiront sensor, especially an adaptive optics system as described under section b. 
After reconstmction of the aberrated wavefiront, the wavefiront error is minimized by 
applying the necessary voltages to the actuators of the deformable mirror. Knowledge of 
the magnitude and location of the deformable mirror's adjustments can be used as 
reference for applying- the light to the photoresponsive lOL to induce an appropriate 
amount of polymerization that mmmi^ f-fi fh^ optical aberrations. - 

In another embodiment, use of a deformable mirror or other appropriate wavefiront 
compensator is not absolutely required. Construction of the aberrated wavefiront fi-om 
measurement of the eye's optical aberrations using a Shack-Hartmaim wavefiront sensor 
will give sufficient information regarding the location and magnitude of the aberrations 
for tiie application of Ught. A treatment nomogram, Le„ a plot that defines the lOL's 
refiractive response with respect to firequency, duration, and iutensity of a stimulus such as 
irradiation in combination with the information 'of the extent of lOL polymerization 
necessary for achieving optimal visual acuity can be programmed into a spatial light 
modulator (SLM). A SLM with such programmed mfomiation can be' used to deliver 
spatially differentiated stimuli that generate a desired amount of polymerization of RMC 
inanlOL. 

The most common SLM is of the transmission configuration and is composed of 
hquid crystal material sandwiched between two ITO glass plates. A typical liquid crystal 
display (LCD) SLM consists of a 640 x 480 pixel array 25 pm on a side. Each individual 
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pixel contains aa approximate fill factor (the active area of each pixel) of 32% and is 
capable of 8-bit gray scale. Light of the desired intensity and diameter is brought incident 
upon the SLM. The pattern and the subsequent, spatially defined intensity of the output 
beam are determined by the user selected transmission state of each pixel. In this way, 
both the area and intensity of irradiation in a particular area is precisely controlled. 

A second class of SLM devices that can be used in. this proposed technology is a 
digital micromirror device (DMD) operating ia reflection mode. A DMD is a pixelated, 
micromechanical spatial light modulator formed monolithically on a silicon substrate. 
Typical DMD chips have dimensions of 0.594 x 0.501 inches and the micromirrors are 

» 

13-17 |um square composed of siHcon with a reflective coating. The micromirrors are 
arranged in an xy array, and the chips contains row drivers, , colurrm drivers, and timing 
circxiitiy. The addressing circuitry under each mirror pixel is a memory cell that drives 
two electrodes under the miiTor with complimentary voltages. Depending on the state of 
the memory cell (a "1" or "0") each mirror is electrostatically attracted by a combination 
of the bias and address voltages to one of the other address electrodes. Physically the 
mirror can rotate =t 10 degrees, A "1" in the memory causes the mirror to rotate +10 
degrees, while a "0" in the memory causes the mirror to rotate —10 degrees. A mirror 
rotated to +10 degrees reflects incoming hght into . ttie, projection lens and onto the lOL 
through the eye. When the mirror is rotated -10 degrees, the reflected hght misses the 
projection lens. The application of hght to the lOL using a spatial light modulator could 
be accomphshed by either irradiatiag the lOL with the predetermined intensify, duration, 
and placement in one application or the light could be applied in several doses with 
measurement of the evolving wavefi-ont correction in the interim between irradiations. 

« * 

d. Phase contrast variation of a composition comprisinij a refraction modulating 
composition 

Examples 9, 10, 12, and 13 of this patent appUcation described experiments 
geared towards correcting the aberration of defocus in these hght adjustable lOLs. 
Defocus, astigmatism, and spherical aberration accoxmt for greater than 80% of all 
aberrations causing defective vision in people. Therefore, the abihty to accurately correct 
these defects will greatly enhance visual acuity. The other, higher order aberrations are 
typically more complex in their spatial distribution and shape and require higher 
resolution modification (a spatial resolution on the order of microns) of the refiraction 
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properties of the light adjustable lOL as compared to the simple cases of astigmatism and 
defocus correction. To examine the resolution of the photorefractive materials composing 
the lOLs the following experiment was performed. 

Thin jaims of the photorefractive composition were fabricated by first combining 
60 wt% of diacetoxymethylsilyl endcapped polydimethylsiloxane (PDMS, Mw=3 6,000) 
matrix with 30 wt% methacryloxypropyldimethylsilyl endcapped polydimethylsiloxane 
(Mw=ldOO) macromer, 10 wt% methacryloxypropyldimethylsilyl endcapped 
polydimethylsiloxane O'^w=4,000) macromer, and 0.75 wt% (relative to the two 
macromers) of the photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (DMPA). The 
composition was mixed thoroughly at room temperature for 5 minutes and degassed at 30 
mtorr pressure for 15 minutes to remove any entrapped air. The material was then placed 
between two glass slides and allowed to cure at room temperature for 24 hours. 

The irradiation was carried out using the 325 nm line of a He:Cd laser. The beam 
emanating from the laser, was focused down to a 50 jim pinhole by a 75 mm focusing 
lens. A 125 mm lens was placed at a focal distance away from the pinhole to collimate 
the light producing a bdam diameter of approximately 1.6 mm. Collimation of the beam 
was insured by monitoring the tilt angle of the fringes formed from a shearing plate 

interferometer placed in the beam. A 5000 lines/inch (period of - 5 |xm):'.ruled grating 

■ > 

was placed over the top surface of the sandwiched film and the photorefractive 
composition was exposed to the Talbot autoimage of the grating using 6.57 mW/cm^ of 
collimated 325 nm light for 90 seconds. 

Figure 10 shows a microscope picture of the film after irradiation through the 
5000 lines/inch mask. The magnification of the picture is approximately 125X. The 
alternating dark and light stripes running though the picture have a period of 
approximately 5 fam as detemiined by a calibrated microscope target. Therefore, the 
photoresponsive materials possess high spatial phase contrast. 

The elements of the apparatus and the general features of the components are 
shown and described in relatively simplified and generally symbolic manner. 
Appropriate structural details and parameters for actual operation are available and 
known to those skilled in the art with respect to the conventional aspects of the process. 

Although specific embodiments are disclosed herein, it is expected that persons 
skilled in the art can and will design alternative optical element and wavefront sensor 
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systems that are within the scope of the following claims either literally or under the 
Doctrine of Equivaleats. 
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CLAIMS: ■ . 

1. A system for correcting aberrations in an optical system comprising: 

an optical element and a wavefront sensor, wherein the optical element comprises 

■ 

a first polymer matrix and a refi-action modulating composition dispersed therein wherein 
the refraction modulating composition is capable of stimulus-induced polymerization. 

2. The system of claim 1 wherein the wavefront sensor is the Shack-Hartmanh 
wavefront sensor. 

3. The system of claim 1 wherein the optical element is a lens. 

4. The system of claim 3 wherein the optical element is an intraocular lens. 

5. The system of claim 4 wherein the first polymer matrix is a polysiloxane matrix. 

6. A system for correcting aberrations in an optical system comprising: 

an optical element and an adaptive optics system, whereia the optical element 
comprises a first polymer matrix and a refraction modulating composition dispersed 
therein wherein the refraction modulating composition is capable of stimulus-iaduced 
polymerization, whereia the adaptive optics system comprises a wavefront sensor and a 
wavefront compensator. 

7. The system of claim 6 whereia the wavefront sensor is the Shack-Hartmann 
wavefront sensor. 

8. The system of claim 6 wherein the wavefront compensator is selected from the 
group consisting of a defonnable mhror, a rnicro-electromechanical membrane, and a 
segmented micromirror, 

9. A method of implementing an optical element having a refractive rnodulating 
composition dispersed therein, comprising: 

obtainiQg an optical measurement of the optical element with a wavefront sensor, 

and 

inducing an amoimt of polymerization of the refractive modulating composition, wherein 
the amount of polymerization is deteimined by the optical measrurement. 

10. The method of claim 9 wherein, the optical measurement is an aberration 
measurement of the optical element. 

1 1 . The method of claim 1 0 wherein the aberration measurement is converted to a set 
of basis functions selected from the group consisting of Zemike polynomials and Seidel 
polynomials. 
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12. The method of claim 1 0 wherein the aberration measurement is a measurement of 
at least one of the group consisting of defocus, astigmatism, coma, ^herical, and higher 
order aberrations. 

13. The method of claim 9 wherein the optical measurement is a wavefiront 
measurement of the optical element. 

14. The method of claim 9 wherein the wavefiront sensor is the Shack-Hartmann 
wavefiront sensor. 

15. The method of claim 9 wherein the optical measurement is obtained with a 
wavefiront sensor and a wavefiront sensor compensator. 

16. The method of claim 15 wherein the wavefiront sensor compensator is selected 
firom the group consisting of a defoimable mirror, a micro-electromechanical membrane, 
and a segmented micromiiror. 

17. The method of claim 9 wherein the amount of polymerization is induced by a 
spatial Ught modulator or a digital microroirror device, 

18. A method of implementing an intraocular lens implanted within an eye and having 
a refiractive modulating composition dispersed theredn comprising: 

obtaining an optical measurement of the eye implanted with the intraocular lens 
with a wavefiront sensor; and 

inducing an amount of polymerization of the refi:active modulating composition in 
the intraocular lens, wherein the amount of polymerization is determined by the optical 
measurement 

19. The method of claim 18 wherein the optical measurraient is an aberration 
measurement of the eye. 

« 

20. The method of claim 19 wherein the aberration measurement is a set of basis 
functions selected firom the group consisting of Zemike polynomials and Seidel 
polynomials describing the measmred aberrations. 

21 . The method of claim 19 wherein the aberration measurement is a measurement of 
at least one of the group consisting of defocus, astigmatism, coma, spherical, and higher 
order aberrations. 

22. The method of claim 18 wherein the optical measurement is a wavefiront 
measurement of the eye. 

23. The method of claim 18 wherein the optical measurement is obtained after an 
interval of time when the intraocular lens is implanted. 
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24. The method of claim 18 wherein the wavefront sensor is the Shack-Hartmann 
wavefront sensor. 

25. The method of claim 18 wherein the optical measurement is obtained with a 
wavefront sensor and a wavefront sensor compensator. 

26. The method of claim 25 wherein the wavefront sensor compensator is selected 
from the group consisting of a defomiable mirror, a micro-electromechanical membrane, 
and a segmented micromirror. 

27. The method of claim 18 wherein the amount of polymerization is induced by a 
spatial light modulator or a digital micromirror device. 
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Fig. 8 
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FIG. 10 
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